LUVs are commonly utilized to experimentally measure water and solute permeabilities for lipid bilayers and (more recently) block-copolymer bilayers with and without water channels (7, 8, 11, 12, 19, 20, 25, 33, 34, 46) . Permeability is typically a material property, and unless the partitioning of solute into the bilayer affects the bilayer characteristics, permeability is typically minimally affected by solute concentration (21, 56, 57) . For the three LUV types that we assessed, we found a consistent water permeability ( fig. S3 ) for varying osmotic driving forces, which were adjusted using NaCl concentration. This contrasts with two recent reports looking at similar materials (LUVs from DOPC and MDM) that found decreased osmotic water permeability at higher osmotic driving forces, which were also obtained through added NaCl (8, 20) . The studies attributed the decreasing water permeability to structural resistance to volume change (8) and concentration polarization due to unstirred layers (20) . However, the structural resistance of DOPC LUVs is likely small due to the highly fluid nature of these bilayers. Additionally, unstirred layers are typically neglected in permeability measurements using LUVs (25, 32) . The resistance caused by these unstirred layers has been argued to be exceedingly small, largely due to the relatively small size of LUVs and the corresponding assumption that the unstirred layer has a similar dimension as the vesicle diameter. For example, Horner et al. approximated the unstirred layer water permeability to be 20000 μm/s in a system with 120-nm diameter vesicles, which far exceeds typical bilayer permeabilities of ~100 μm/s (32). A complementary empirical argument is that enhanced water permeabilities can be consistently measured upon incorporation of aquaporin, which means that the permeability of the unstirred layer must at least exceed that of aquaporin-incorporated vesicles (~500 μm/s) (25). We believe that observations of decreasing water permeability with increasing osmotic gradient are likely an artifact of the fitting procedure. Both studies (8, 20) utilized a single exponential fit and related the exponential rate constant k to the water permeability P w using the following relation
where C is the osmotic driving force in osmolarity. This relation has been commonly used (7, 34, 46) to report water permeability. As best as we can determine, Eq. S1 was adapted from a similar expression that was originally formulated as an approximation for Eq. 1 (58)
where b is the volume of the vesicular bilayer and C o is the extravesicular osmolarity upon mixing. In the derivation of Eq. S2, P w was taken to be a constant, and the constancy of P w for a changing osmotic gradient was given as supporting evidence of the validity of the approximation (58).
The same data was fit in fig. S3 using the three relations (Eqs. 1, S1, and S2). Eqs. 1 and S2 yielded nearly flat profiles in the range of 34% -90% osmolarity difference. Minor increases in fitted permeabilities (< 50%) at lower osmotic driving forces (8% -18%) were observed, but these results are influenced by low signal/noise ratios at low driving forces, which increases variability during fitting. For the conditions of our experiments, the fitted permeabilities from Eq. S2 matched Eq. 1 within 26% for all corresponding data points. In comparison, Eq. S1 consistently yielded higher permeabilities (> 170% increase) over Eq. 1 for the same conditions, and also showed a marked dependency on the osmotic driving force, with up to 630% increases in fitted permeability for a given material when tested at low osmolarity differences.
Permeability Relationships with Solubility and Diffusivity
In the classical biophysical literature and in this study, permeability comparisons utilized the solution-diffusion model and the simple depiction of the bilayer membrane as one homogeneous layer. The model yields the following relation
where K mem and D mem are the partition coefficients into and diffusivity within the membrane, and  is the thickness of the membrane nonpolar core. K mem is further assumed to be identical to the bulk solvent/water partition coefficients, for which the partition coefficients of octanol (K ow ), olive oil, ethyl ether, and hexadecane (K hdw ) were most frequently considered (21, 51, 56, 59 ). Owing to strong correlations and regression lines for log P and log K hdw with slopes near 1 (as expected based on Eq. S3), the nonpolar hexadecane is generally considered to be the most representative solvent (21, 28, 51, 59 fig. S5 ), a surprising result considering that the nonpolar core of MDM is not a hydrocarbon. Despite the suitability of hexadecane as a model solvent, we chose to compare P with K ow in the main manuscript because of the widespread availability of K ow values for not just the species assessed in this study, but also species such as those in Fig. 5 Using measured permeabilities, K hdw , and hydrocarbon thicknesses, we can assess size-based discrimination by calculating the effective diffusivity within the membrane D mem from Eq. S3 (26, 56) . Relationships between D mem and the van der Waals molar volume are shown in fig. S5 for DOPC and PB-PEO, with the diffusivity in water shown for comparison. The effective diffusivities of water (van der Waals molar volume of 10.6 cm 3 /mol) were calculated to be 3.7  10 -9 m 2 /s for DOPC and 3.8  10 -9 m 2 /s for PB-PEO, very close to the self-diffusivity of water (2.3  10 -9 m 2 /s). The data additionally suggests that the two materials provide moderate sizebased resistance to diffusion; based on the slopes of the regression lines, log D mem decreases with volume at a rate 3.4-fold and 6.5-fold higher for DOPC and PB-PEO, respectively, than in water. For further comparison, we can also consider the size-based selectivity of polyamide reverse osmosis (PA-RO) membranes ( fig. S5 ). Considering the clear relationship between size and permeability ( Fig. 3 and fig. S5 ), we can assume for comparison's sake that chemical effects play a minimal role on partitioning. If we further consider a (hypothetical) bulk solvent partition coefficient assumption as done for bilayers, then K mem would be identical for different solutes, all size-based discrimination would be incorporated in D mem , and the slope of log P versus molar volume for PA-RO membranes would be the same as that for log D mem . Through this analysis, we find that the slope of log P with molar volume for PA-RO membranes (0.076 mol/cm 3 when disregarding the four largest solutes; fig. S5 ) is slightly greater in magnitude than that for PB-PEO (0.056 mol/cm 3 ), suggesting that the two materials have nearly similar size-based discrimination, but dramatically different partitioning behavior and resulting permeabilities.
Projecting Organic Solute Rejection for Biomimetic Desalination Membranes Figure 5 shows expected water/solute permselectivities for a defect-free PB-PEO-based biomimetic selective layer with 3% AQPZ formed on a porous support. The "hydrophobicity cutoff" of log K ow = -0.2 implies that (organic) solutes with log K ow > -0.2 will, in general, be poorly rejected. This cut-off is shown for PB-PEO, the least permeable bilayer material tested here. For DOPC and MDM, the hydrophobicity cut-off would occur at approximately log K ow = -1.0. To gain further insight, we can use Eqs. S4-S6 to estimate the permeability of solutes with K ow values that exceed the cut-off. In doing so, we must assume that permeability is purely a function of solubility (neglecting size-based factors such as those shown in fig. S5B ), and that the relationship remains applicable for species that are more hydrophobic than those tested in this study (up to log K ow of 0.79 for butyric acid). Thus, projected performance levels using these estimated permeabilities are meant to give expected trends, not quantitative results.
We can project the solute rejections, R, that would be attained by a defect-free biomimetic desalination membrane using the following relation (5) 
 b is the osmolarity difference between the bulk feed and permeate solutions, and k osm and k s are the mass transfer coefficients for osmolytes in the feed channel and for the individual solute of interest, respectively. Through the mass transfer coefficients, Eq. S7 accounts for concentration polarization, which is the increased concentration of solutes at the membrane interface. We can also consider solute ionization, which is relevant considering that several of the micropollutants considered in Fig. 5 and table S4 are predominantly ionized at pH 7. If we neglect permeation of the ionized form (a good assumption for a defect-free biomimetic membrane), assume that acidbase reactions are relatively fast (i.e., always locally in equilibrium, including at the membrane surface) (21, 45), and assume that the pH is the same in the feed and permeate streams, then the concentration ratio of uncharged to total species for the solute of interest should be constant. As such, the solute flux is the following
where C 0 is the concentration difference of the uncharged form across the membrane and the factor α relates the concentration of the uncharged form to the total solute concentration, and can be calculated from the Henderson-Hasselbalch equation as follows
Eq. S9 applies to a solute that is uncharged as an acid. A similar relation is readily obtainable for solutes that are uncharged in the base form. The key message of Eq. S9 is that the ionization of a dissociable solute decreases the effective permeability by the factor α, but that transport through the membrane is still driven by the solute concentration difference.
While organic solute permeation is relevant to nearly all RO applications, it is most important in wastewater RO. As such, in fig. S6 we consider the application of the most selective biomimetic membrane (PB-PEO with perfectly selective channels) to wastewater, which we simulated as 500 ppm NaCl with trace levels of a solute (pollutant) of interest. In wastewater RO, water flux is typically kept below 6 μm/s to minimize fouling (60). With that limitation in mind, since water flux plays an important role in solute rejection, our modeling considers two situations that allow for increased water flux: increased water permeability through the incorporation of more channels ( fig. S6A ) and increased hydraulic pressure ( fig. S6B ). During RO operation, the permeate concentration C p is equal to the ratio of the solute and water fluxes
As expected from Eq. S10, fig. S6 shows that increasing the water flux generally increases solute rejection, especially in the low-water-flux regime. Concentration polarization has limited effect on the water flux under the simulated conditions due to the low osmotic pressure of the feed solution (4.2  10 4 Pa). Despite the almost linearly increasing water flux, the rejection curves show that concentration polarization of the solute of interest limits the achievable rejection obtainable via increased water flux. Increased water flux leads to higher solute concentrations at the membrane interface, and thus a greater driving force for solute diffusion through the membrane. Based on Eq. S7, the maximum achievable rejection occurs when J w is equal to the solute mass transfer coefficient k s .
Rejection curves are shown in fig. S6 for theoretical solutes with log K ow between -1 and 2, considering cases where the solute does not ionize and when the solution is up to 3 pH units above the pK a for an uncharged acid (e.g., acetic acid at pH ~7.8). At a water flux of 6 μm/s, rejections are projected to be 99.7%, 73%, 2.3%, and 0.02% for theoretical solutes with log K ow values of -1, 0, 1, and 2, respectively. Furthermore, maximum rejections are projected to be 99.8%, 85%, 4.8%, and 0.04%, respectively. In other words, the models show that increased solute permeability of hydrophobic compounds would typically result in very low solute rejections, irrespective of the water permeability or hydraulic pressure. Partial ionization would increase rejection, especially for moderately hydrophobic compounds, as shown in the curves for log K ow = 1. For more hydrophobic compounds (e.g., log K ow = 2), the high permeability of the uncharged species overcomes the effective decrease in permeation caused by partial solute ionization. For example, for a dissociable species with log K ow of 2, the projected rejection when three pH units above the pK a is just 17% at a water flux of 6 μm/s and reaches a maximum rejection of just 31%. The effect of ionization on rejection would be even more limited for species with log K ow greater than 2.
fig. S1. Cryo-EM images of MDM and PB-PEO polymer vesicles.
Vesicles are highlighted with white arrows and were mostly unilamellar. Non-vesicular aggregate morphologies (e.g., worm-like micelles) occurred at minor extent for MDM and are highlighted with black arrows. Micelles were not observed for PB-PEO. Samples were prepared on carbon-coated copper quantifoil microscopy grids with 1.2-μm diameter round holes, the edges of which are visible in each image. Irregular dark spots of 10-40-nm diameter are artifacts of the carbon coating and the ice morphology, and are present in all cryo-EM images taken using these grids. For PB-PEO, images are shown with vesicles outside of the grid holes due to inadequate phase contrast for most of the vesicles imaged within the holes. Cryo-EM was performed on an FEI Talos L120C system operating at 120 kV.
fig. S2. Relating measured fluorescence to vesicle volume and pH. (A) Representative curves depicting the linear relationship between fluorescence and normalized vesicle volume.
Normalized vesicle volume is calculated as the ratio between the intravesicular and extravesicular osmolarities. Decreasing vesicle volumes were obtained by increasing the extravesicular osmolarity through added NaCl. Similar curves were obtained for each experiment to calibrate the volume dependence on fluorescence. Curves were separated for figure clarity. (B) Fluorescence versus time for MDM vesicles upon mixture with hyperosmotic solutions with varying osmolarity. Data for each curve is averaged from 4-6 time traces. The average fluorescence over the final 0.1 s upon equilibration is used for the volume/fluorescence calibration curve. Intravesicular solution was 20 mM HEPES, 72 mM NaCl, 15 mM carboxyfluorescein, pH 7.5. Extravesicular solution after mixing was 20 mM HEPES, X mM NaCl, pH 7.5. (C) Relating fluorescence to pH. To generate the curve, vesicle-free buffer solution (10 mM MES, 10 mM MOPS, 100 mM NaCl, pH 6.8) with 5 μM carboxyfluorescein was mixed 1:4 with buffer solutions of decreasing pH. The linear relation over this pH range was used to calculate intravesicular pH from normalized fluorescence. Experiments with LUVs worked within an intravesicular pH range of 6.1-6.9. fig. S3 . Effect of fitting methodology on water permeability. Osmotic water permeabilities (n=3) for DOPC, MDM, and PB-PEO vesicles were assessed at increasing osmotic driving force, obtained through NaCl addition. For each material and osmolarity difference, the same vesicle volume data was used to solve for water permeability using Eqs. 1, S1, and S2. The fitted water permeability using Eq. 1 and 70% osmolarity difference is reported elsewhere in this study. The bilayer volume, b, in Eq. S2 was neglected (i.e., b = 0) as it was similarly neglected in Eqs. 1 and S1.
fig. S4. Permeability measurements of carboxylic acids. (A)
Representative fluorescence time traces upon acid permeation. Permeation of propionic acid and butyric acid through DOPC and MDM vesicles was too rapid at 25.0 C for measurement. Data for each curve is averaged from 3-10 time traces. (B) Arrhenius plots for permeability P (in m/s) for propionic acid and butyric acid through DOPC and MDM. Permeabilities at 25.0 C were calculated from each experiment (n = 3) and averaged to yield the average permeability. Activation energies for propionic acid and butyric acid were 19.5 ± 3.3 and 20.0 ± 0.7 kcal/mol, respectively, for DOPC, and 12.5 ± 1.0 and 17.2 ± 2.5 kcal/mol, respectively, for MDM. Log-log plot of permeability P and octanol/water partition coefficient K ow for polyamide RO (PA-RO) membranes. (E) Permeability compared with vdW molar volume for PA-RO membranes. The regression line is fitted to all but the largest four solutes to minimize the role of membrane imperfections and/or experimental noise at low permeate concentrations, which may have increased measured permeabilities for the largest solutes. The slope of the regression line is -0.076 mol/cm 3 and the r 2 value is 0.91. fig. S6 . Projected water flux and organic solute rejection of a defect-free biomimetic desalination membrane. Water flux and solute rejection are shown when varying (A) hydraulic water permeability at a fixed pressure of 0.5 MPa, and (B) hydraulic pressure at a fixed water permeability of 1  10 -11 m s -1 Pa -1 (3.6 L m -2 h -1 bar -1 ). The biomimetic desalination membrane was taken to be defect-free PB-PEO with a perfectly selective water channel (e.g., AQPZ). As such, neutral solute permeability followed Eq. S6, and ion rejection was taken to be 100%. The feed-stream was modeled as 500 ppm NaCl to simulate a simplified municipal wastewater. Neutral solute concentration was assumed to be at trace levels and therefore inconsequential for osmotic pressure and water flux. A feed mass transfer coefficient of 2.8  10 a Measured at 5 C (32). Permeability adjusted using an activation energy of 4 kcal/mol (8, 33, 42) . b For 0.8-nm diameter CNTPs measured at pH 7.8 using NaCl (8). Temperature for permeability measurement was unspecified and assumed to be 25 C.
fig. S5. Permeability relationships. (A) Log
c From molecular dynamics simulations for a 2-nm long methylated mCPN (50), which matches the chemistry of experimentally produced mCPNs (9). d Aquaporin monomer top surface assumed to be a square with 3-nm sides (20). CNTPs assumed to be cylinders with 1.15-nm outer diameters (8). mCPNs assumed to be cylinders with 2-nm outer diameters (9). h Lieb & Stein, 1986 (56) . i Walter & Gutknecht, 1984 (45) . j Walter & Gutknecht, 1986 (51) . ND: Not determined due to solute permeability being too fast (similar permeability as water, resulting in minimal vesicle volume change) or too slow (similar permeability as ionized species). 
